phic loci was 31. 6-42.1% and the average heterozygosity was in the range of 0.110-0.138.
The level of variability was almost the same as that found in Nepal and India, and was slightly higher than the average of other outbreeding plant species.
The allelic frequencies did not vary much among the populations studied, although the Chinese populations had slightly more genetic variability than the Japanese and Korean populations.
The present results together with those for the Indian and Nepali populations (Ohnishi and Nishimoto, 1988) led to the following conclusions.
The allelic frequencies at the polymorphic loci did not vary much among Asian populations extending from Nepal to Japan; geographical differentiation of allozyme frequencies, due mostly to the loss of alleles, has occurred only at the margins of the distribution, such as in the Kumaun and Garwhal hills and in Kashmir in India.
This rather unexpected uniformity of allelic frequencies seems to be due to large population size, panmixis within populations, and gene flow between populations, conforming to the theoretical models of Maruyama (1971) and Kimura and Maruyama (1971) .
Buckwheat does not have a strict center of genetic diversity, but the highest within-population variability was found in the region from southern China to Nepal. Based on the observed minor differences in allozyme frequencies between populations, possible
INTRODUCTION
At one time, common buckwheat, Fagopyrum esculentum Moench, was considered to have originated in Siberia or in the area of the Amur River (De Candole, 1883) ; this conjecture was based on philological considerations, and on the reported existence of "wild" common buckwheat by Maximowicz and other taxonomists (see the references cited in De Candole, 1883). However, this hypothesis is probably incorrect, because as De Candole himself pointed out, the existence of wild common buckwheat is suspect and no one has actually confirmed its exist-ence. Nakao (1957) asserted that the southern part of China was the center of the distribution of buckwheat, based primarily on the distributions of the Fagopyrum species enumerated by Steward (1930) , and on the distributions and diffusion patterns of several cultivated plant species in Asia. However, it is entirely unknown whether those wild Fagopyrum species in southern China are closely related to the two cultivated Fagopyrum species, common buckwheat and tatary buckwheat (F. tataricum).
Hence, so far as Nakao's arguments on buckwheat are concerned, his conclusion has no solid basis.
Several years ago, I started a world-wide survey of allozyme variability in common buckwheat in order to understand the origin of buckwheat cultivation and its subsequent spread to different areas. Buckwheat has been cultivated in many countries in the world, but its cultivation in very ancient times was limited to Asia; in Europe the cultivation of buckwheat is rather recent (see De Candole, 1883; Campbell, 1976; Kreft, 1980) . As a result, the emphasis in my study is on the Asian populations.
In the previous two reports (Ohnishi, 1985; Ohnishi and Nishimoto, 1988) , Nepali and Indian populations were investigated, and it was shown that a considerable amount of allozyme variability, more than the average of other outbreeding plant species, is maintained in each local population probably by random mating due to heterostyly, panmixis by insect pollination and large population size. In addition, no local differentiation in allozyme frequencies was observed among the Nepali and Indian populations; however, some minor differences in allozymes and morphological traits were found in the Kashmirian populations and in some populations in the Kumaun and Garwhal hills of India.
In the present study, allozyme variability at 19 loci involving 12 enzymes in 24 Japanese, 3 Korean and 16 Chinese populations were investigated. Geographical differentiation of allozyme frequencies was expected, since the history of buckwheat cultivation is quite ancient (Nagatomo, 1984) . However, unexpectedly, no major geographical differentiation was detected. This is interpreted by supposing that migration pressure annihilates the local differentiation of neutral allozyme alleles caused by random genetic drift (Maruyama, 1971; Kimura and Maruyama, 1971) . By combining the present results with those from Nepal and India, the geographical variability of allozymes in Asian buckwheat populations has been clarified. This has, in turn, provided clues about the origin of buckwheat cultivation and its subsequent spread to several countries.
MATERIALS AND METHODS

Buckwheat populations
The 24 Japanese populations studied are listed in Table 1 (see Ohnishi, 1982 for some characteristics of the populations). They cover almost all areas where buckwheat is now cultivated in Japan. Two Korean populations came from the Onda and Takenouchi (1942) . The flower color of the plants in Korea and Japan is pure white in contrast to the pinkish-white found in other countries. The sample of each population from Japan and Korea was a mass of seeds grown by local farmers.
Sixteen Chinese populations were also analyzed. They came from two sources. Some of the samples were collected by Dr. Y. Lyu and Dr. Z. Wang, Inner Mongolia Academy of Agriculture, Huhohaote, and provided to me for this research.
They are Nos. 32, 33, 34, and 37 in Table 1 , from Kuyang, Hujuoxien, Wuchuan, and Yulin, respectively.
The remaining samples were imported from various parts of China by milling companies in Japan. The name of the town or village from which these came is not known; rather only the province is known. These samples include the two from Chilin, two from Inner Mongolia, two from Shensi, one from Hunan, one from Szechuan, two from Kweichow, and two from Yunnan. The locations of the samples are shown in Fig. 1 . The English names of towns, cities, and provinces in China used here are those commonly found in English dictionaries such as the American Heritage Dictionary.
For those villages and towns which are not found in dictionaries, the expression by pinyin (the system to write Chinese language using the Roman alphabet) is used.
Enzyme assay
The procedures for starch gel electrophoresis were standard (see for example Brewer and Sing, 1970; Shield et al., 1983) , and were exactly the same as those used by Ohnishi (1985) and Ohnishi and Nishimoto (1988) . Nineteen loci involving 12 enzymes were analyzed. The enzymes were: alcohol dehydrogenase (Adh, EC 1.1.1.1), aspartate aminotransferase (=glutamate-oxaloacetate transaminase, Got, EC 2.6.1.1), diaphorase (Dia, EC 1.6.4.3), fumarase (Fum, EC 4.2.1.2), glutamate dehydrogenase (Gdh, EC 1.4.1.2), isocitrate dehydrogenase (Idh, EC 1.1.1.42), leucineaminopeptidase (Lap, EC 3.4.11.1), NAD-dependent malate de- Location of the populations studied.
•: Exact location is known. o: Onl the name y of province is known.
hydrogenase (Mdh, E C 1.1.1.37), phosphoglucomutase (Pgm, E C 2.7.5.1), 6-phosphogluconate dehydrogenase (6-Pgdh, EC 1.1.1.44), shikimate dehydrogenase (Sdh, E C 1.1.1.25), and tetrazolium oxidase (Tox, or superoxide dimutase, E C 1.15.1.1). The loci were: Adh, Dia-i, Dia-2, Fum, Gdh, Got-i, Got-2, Idh, Lap, Mdh-i, Mdh-3, Mdh-5, Pgm-i, Pgm-2, 6-Pgdh-i, 6-Pgdh-2, Sdh-i, Tox-i, and Tox-2. The assignment of genotypes to the observed band morphs has been established previously for these loci (see Ohnishi and Ohta, 1987; Ohnishi and Nishimoto, 1988) . Seed samples were assayed for Adh, Fum, Gdh, Got-i, Idh, Mdh-i, Mdh-5, Pgm-i, Pgm-2, 6-Pgdh-i, 6-Pgdh-2, Tox-i, and Tox-2. For the remaining loci (Dia-i, Dia-2, Got-2, Mdh-3, Sdh-i), the first or second foliage leaves were used in the assay. The detailed procedures for the preparation of the samples and descriptions of the buffer systems were presented by Ohnishi and Nishimoto (1988) . Electrophoresis was performed in 12.5% starch gels with either Tris-citric acid buffer or L-histidine-citric acid buffer. Seeds were analyzed with the Tris-citric acid buffer, and leaves were analyzed with the L-histidine-citric acid buffer. Horizontal electrophoresis was carried out under a constant voltage (100 V for Tris-citric acid and 125 V for L-histidine-citric acid) for 6 hours. After each run, the gel was sliced and stained for each enzyme. The staining methods were described by Shaw and Prasad (1970) for Adh, Gdh, Got, Fum, Idh, Lap, Mdh, Pgm, 6-Pgdh, and Tox, and by Vallejos (1983) for Sdh and Dia. The sliced gel was incubated in a stain solution at 37°C until the bands appeared.
In most cases 200 individuals from each population were assayed. Table 2 gives the allelic frequencies at the eight polymorphic loci, Adh, Dia-2, Got-2, Mdh-i, Mdh-3, 6-Pgdh-i, Pgm-2, and Sdh-i, for each population.
RESULTS
Genotypic frequencies are omitted for the sake of simplicity, but it should be noted that the observed frequencies for all the loci and in all the populations were in good agreement with the Hardy-weinberg expectations.
The loci that were polymorphic were nearly the same as those that were polymorphic in Nepal and India (see Ohnishi and Nishimoto, 1988) . However, Gdh and Got-i, which were monomorphic in all of the populations surveyed here, were occasionally polymorphic in a few of the populations in Nepal and India.
It appears that the alleles segregating at the polymorphic loci in Japan, China, and Korea were also the same as those segregating in Nepal and India. However some minor differences were observed.
For instance, in the populations from northern China, a fast (F) allele was segregating at the 6-Pgdh-i locus in addition to the S and N alleles found elsewhere.
Also, the fast allele segregating at the Adh locus in the southern Chinese populations was probably not the same as the one segregating in the Kumaun hills in India. Surprisingly, the allelic frequencies at the polymorphic loci did not vary much among the populations studied here.
The frequency of the F allele at the Pgm-2 locus was nearly constant throughout the populations.
In addition, the frequency of the S allele at this locus did not vary much within China and within Japan. However, when the average allele frequencies of these countries were compared, the value for China was slightly higher.
The variant alleles at the Sdh-1 locus and the S allele at the Dia-2 locus had nearly constant frequencies in all the Allelic frequencies at polymorphic loci populations studied here. Furthermore, there were no systematic geographical differences among the populations with respect to the Got-2 locus.
For some of the other loci, minor local differences were observed.
For instance, the variant F allele at the Adh locus, and occasionally the S allele too, were polymorphic in southern China, but they were largely missing from the Korean and Japanese populations.
The frequency of the F allele at the Mdh-1 locus was higher in the populations from northern China than it was elsewhere.
The U allele at Mdh-3 The U allele at Got-2 and the S allele at 6-Pgdh-1 were the most variable alleles; however, their frequencies lay in narrow ranges, 3.5-23.9% and 0.0-16.3%, respectively. Finally the Togakushi populations in Japan had an unusually high frequency of the S allele at the 6-Pgdh-1 locus.
The amount of genetic variability maintained in each population measured by the average heterozygosity, the percentage of polymorphic loci, and the average number of'alleles per locus was also nearly the same for all the populations (Table  3) . Furthermore, these values were very close to the corresponding values for the Nepali populations and for most of the Indian populations (see Ohnishi and Nishimoto, 1988) . All parameters of variability were significantly higher in the Chinese populations than in the Japanese and Korean populations.
DISCUSSION
As already pointed out in the previous report (Ohnishi and Nishimoto, 1988) , the amount of allozyme variability maintained in a cultivated buckwheat population, measured by the percentage of polymorphic loci and the average heterozygosity, is slightly greater than the average of other outbreeding annual plant species (see Gottlieb, 1981 for a review). This is also true for the populations studied here; the percentage of polymorphic loci was 31.6-42.1%, and the average heterozygosity was 0.110-0.138. The large size (10-106) of cultivated buckwheat populations, complete panmixis by insect pollination, and randomization by men during harvest and sowing are probably responsible for this as discussed in Ohnishi and Nishimoto (1988) .
Combining the present results with those of Ohnishi (1985) , and Ohnishi and Nishimoto (1988) , we are more confident that the allelic frequencies of allozymes (continued) To see the uniformity of allelic frequencies among the populations in a greater detail, consider the genetic distance (Nei, 1972) between each pair of populations. These statistics have been tabulated (Table 4) in an abbreviated form for pairs of regions, rather than for pairs of populations, by grouping several adjacent populations.
The summer type of buckwheat from different parts of Japan was also considered as a group in this table. The genetic distance between any pair of populations within the same region was less than 0.0061, except for the populations in the Kumaun and Garwhal hills of India; the reason for this exception was given in Ohnishi and Nishimoto (1988) . Even for pairs of populations from different regions in China, Korea, and Japan, the genetic distance was at most 0.0126 (for Yulin, China, and Togakushi-Summer type in Japan).
In comparison, the genetic distance between Nepali and Kashmirian populations was 0.0072-0.0159, and the average genetic distance between European and Asian populations was 0.0220 (Ohnishi, in preparation) .
It is apparent from Table 4 that the average distance between a Japanese population and a population from northern China is slightly greater than the average distance between a Japanese population and one from southern China. Also, in Japan, the genetic distance is very small and more or less the same for any pair of the fall-type populations, yet the distance between a summer-type population and all the other is slightly larger than the distance between any two fall-type populations.
What is a reasonable interpretation of these results? The hypothesis that buckwheat cultivation originated recently in most parts of Asia is definitely ruled out, since historical records establish that this species was cultivated in China, Korea, and Japan at least one thousand years ago; moreover archeological evidence suggests that buckwheat cultivation may be even more ancient (see for example Nagatomo, 1984) . We must therefore turn to a population genetic theory for an explanation of the similarity among all the buckwheat populations that have been surveyed. Maruyama (1971) and Kimura and Maruyama (1971) considered a stepping stone model of structured populations, and calculated the migration pressure needed to annihilate local differentiation of neutral alleles by random drift. The condition of Nm > 4, where N is the population size and m is the migration rate per generation, leads to a uniform allelic frequency among the populations.
We do not have any estimates of migration rate for buckwheat, but a value on the order of 1/N seems to be within the range of possibility. Several to several tens of buckwheat fields, each consisting of 104-107 individuals, are scattered in a village, and gene exchanges between these fields are relatively free through pollen flow by insects. Therefore the reproductive unit of a buckwheat variability in Asian buckwheat populations 519 population is quite large, probably 106-109, and the migration rate is probably greater than the reciprocal of this. Gene flow between villages or towns may not have been common, but a mass of buckwheat seeds may occasionally have been introduced or exchanged by men. As for migration over the sea, such as from China to Japan, there is no historical evidence for it. Nonetheless, it may have occurred. Although there may still be objection to the application of the stepping stone model to buckwheat populations and although the migration rate is uncertain, the uniform distribution of alleles over the wide range of Asian countries is most easily explained by a large population size and a modicum of migration between populations and countries. Harlan (1975 Harlan ( , 1986 pointed out that the center of diversity in Vavilov's sense is often suspect for many crops, because the crops themselves evolve during the diffusion of cultivation.
The present results provide another example of noncenter cases. However, in contrast to the cases of Harlan, buckwheat diffuses as a large outbreeding population, and each population apparently does not change its genetic constitution very much. As a result the diversity among the populations is small, and the variability within each population is maintained at a high level, providing there is sufficient migration between them. Local differentiation may occur in areas where the populations are relatively isolated. In fact, at the marginal regions of the buckwheat distribution, i. e., Kashmir, the Kumaun and Garwhal hills of India, and West Europe, losses of minor alleles and sporadic local increases of frequencies of particular alleles at loci such as Adh, Pgm-2, 6-Pgdh-1, and Got-2 have occurred (see Table 2 ; Table 2 in Ohnishi and Nishimoto, 1988; Ohnishi, in preparation) .
As mentioned above, no crucial local differentiation has occurred in allozyme frequencies in a wide area extending from Nepal to Japan. However, several minor differentiations give us clues to the origin and subsequent diffusion of buckwheat cultivation.
Apparently the populations in the region from south China to Nepal have the highest variability; the average heterozygosity was 0.13-0.15 and the percentage of polymorphic loci was 42.1-52.6% (see Table 3 ; Table 3 in Ohnishi and Nishimoto, 1988) . The populations from northern China have almost as much variability as the populations in the region from south China to Nepal. However, it should be mentioned that the buckwheat from northern China is probably derived from the buckwheat from southern China, as will be discussed later. Therefore, De Candole's hypothesis of a center in Siberia or in the region of the Amur River (De Candole, 1883) is suspect, because there are no wild buckwheat species in this region and allozyme variability in the adjacent populations is slightly low. Nevertheless, some archeologists have still proposed Siberia as a secondary center of buckwheat cultivation (Katoh, 1985) . Nakao's conjecture that suggests that southern China is the center of buckwheat diversity (Nakao, 1957) is not contradicted by the present results.
The diversity of wild buckwheat species growing in southern China, which were enumerated by Steward (1930) , was the basis of Nakao's arguments. However, the genetic relationships between the cultivated species and the wild species are entirely obscure. Previously I pointed out that even wild perennial buckwheat (Fagopyrum cymosum), which had been thought to be closely related to common buckwheat, was actually very distantly related as far as allozyme variability was concerned. This makes it unlikely that F. cymosum is the direct ancestor of common buckwheat (Ohnishi, 1983) . Recently it has been clarified that southern China is the only place where diploid F. cymosum grows; in other places such as Thailand, East India, Nepal and West India including Kashmir, all of the samples so far studied have been proved tetraploid (Gohil et al., 1983; Ohnishi, unpublished) .
Combining all the informations available now, we may arrive at the hypothesis that the area from southern China to Nepal is the center of diversity of Fagopyrum species, and that this area is also the most likely center for the diffusion of cultivated common buckwheat.
What can be said about the diffusion of buckwheat cultivation based on evidence from minor local differentiation in allozyme frequencies? The Japanese and Korean fall-type populations cannot be distinguished from each other by the allelic frequencies reported here (see Tables 2 and 4) , nor by any morphological characters.
However, the Japanese and Korean populations have a higher similarity to the populations from southern China than to the populations from northern China (Table 4 ). This may imply that introductions of buckwheat into Japan and Korea (at least southern Korea) may have occurred through the southern or central coast of China, the Yangzte arc in Nakao's terminology (Nakao, 1957) , rather than through the Korean peninsula.
Two agro-ecotypes, the summer type and the fall type of Onda and Takenouchi (1942) , can be distinguished by allozyme frequencies if we examine the data carefully (see Tables 2 and 4 ). All populations of the fall-type in Japan and Korea show relatively constant allelic frequencies.
However, four summer-type populations from central and northern Japan had slightly different allelic frequencies, and therefore slightly greater genetic distances when compared to any fall-type population. This probably implies that local summer-type populations have developed independently in Japan from the fall type of buckwheat through adaptation to special agricultural conditions as suggested by selection experiments by Minami and Namai (1986a, b) . Ujihara and Matano (1978) surveyed the geographical distribution of the summer-type buckwheat in Japan, Korea, and China, and inferred that buckwheat was introduced from northern China to Korea and then to Japan.
Their inference could be true, if as long as the origin of the summer-type buckwheat was monophyletic; however, this is probably not so. It is clear that the Japanese summer-type buckwheat is morphologically quite different from the "summer-type" buckwheat found in northern China.
Finally it should be mentioned that there are great differences in the morphology of the populations from northern and southern China. Buckwheat from northern China is shorter, slimer, and less branched; it flowers earlier, matures earlier, and is nearly neutral to photoperiod.
Yet, there are only a few discernible differences between the two regions with respect to allozyme frequencies, such as with the F allele at 6-Pgdh-1, the F allele at Adh, and the F allele at Mdh-1 (see Table 2 ). Perhaps the morphological differences between the two regions can be attributed to the rapid adaptation of buckwheat to the cooler, short-day conditions of northern China.
Such adaptation also probably occurred during the evolution of the Japanese summer-type buckwheat. In contrast to this morphological variation, allozyme variation seems to have been selectively neutral or nearly so, and buckwheat populations have been large enough to withstand changes in allozyme frequencies. 
